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ABSTRACT 

A t e s t  p r o g r a m  was  conduc ted  to d e t e r m i n e  the  a e r o d y n a m i c  and 
theg~nal  o p e r a t i n g  c h a r a c t e r i s t i c s  of a 45- deg-  s lan t ,  s e g m e n t e d  wal l ,  
m a g n e t o h y d r o d y n a m i c  g e n e r a t o r  channe l  u n d e r  n o - p o w e r  cond i t i ons .  
The  g e n e r a t o r  c h a n n e l  was  30.3  in. long  wi th  an ins ide  d i a m e t e r  of 
2 . 0  in. at the  in le t  tha t  d i v e r g e d  to 4 .9  in. at the channe l  exi t .  The  
p l a s m a  was  l~rovided by a l i q u i d - o x y g e n / J P - 4  c o m b u s t o r  wi th  a n o z z l e  
exi t  Niach n u m b e r  of 1 .76 .  The  p r o p e l l a n t s  w e r e  s e e d e d  wi th  p o t a s -  
s iufn  h y d r o x i d e  (KOH) d i s s o l v e d  in e thy l  a l coho l  to p r o d u c e  a h igh  ion 
c o n c e n t r a t i o n  in the  exhaus t  s t r e a m .  C o m b u s t o r  o p e r a t i n g  c o n d i t i o n s  
w e r e  n o m i n a l l y :  c h a m b e r  p r . e s su re ,  250 to 300 p s i a ;  o x i d i z e r - t o - f u e l  
r a t io ,  1.9 to 2 .8 ;  and KOH c o n c e n t r a t i o n ,  f r o m  0 to 1 .7  p e r c e n t  of 
t o t a l - p r o p e l l a n t  weigh t  flow. F i r i n g  d u r a t i o n s  r a n g e d  f r o m  2 .6  to 
10 .9  sec .  T a b u l a t i o n s  of c o m b u s t o r  p e r f o r m a n c e  da ta  and of the  gen-  

e r a t o r  channe l  t h e r m a l  and p r e s s u r e  da ta  a r e  p r e s e n t e d .  

This document is subject to special export controls 
and each transmittal to foreign governments or foreign 
nationals may be made only with prior approval of 
Air Force Aero-Propulsion Laboratory (APIE-2), 
Wright-Patterson AFB, Ohio 45433. 
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SECTION I 

" INTRODUCTION 

A m a g n e t o h y d r o d y n a m i c  (MHD) e l e c t r i c  p o w e r  g e n e r a t o r  is c l a s s e d  
as a d i r e c t - e n e r g y  c o n v e r s i o n  d e v i c e .  Ion ized  gas  f lowing  at h igh  v e l o c -  
ity t h r o u g h  a c h a n n e l  is a c t e d  upon by a t r a n s v e r s e  m a g n e t i c  f i e ld  to 
p r o d u c e  an e l e c t r o m o t i v e  f o r c e  (emf)  p e r p e n d i c u l a r  to the  v e l o c i t y  v e c t o r  
and the  m a g n e t i c  f ie ld  v e c t o r .  The s a m e  p h y s i c a l  p r i n c i p l e s  a r e  invo lved  
in an MHD g e n e r a t o r  as  in a c o n v e n t i o n a l  e l e c t r i c  g e n e r a t o r  excep t  tha t  
c o n d u c t i n g  g a s e s  r e p l a c e  the  m e t a l l i c  c o n d u c t o r s  of the  r o t o r .  

Chrysler Corporation, Huntsville Operations (CHO), is currently 
engaged in a research and development program aimed at the develop- 
ment of a one-megawatt, flightweight, MHD generator system to power 
a plasma arc illuminator. Primary components of the system will in- 
clude a combustor (plasma generator) coupled to an MHD channel 
immersed in a magnetic field provided by a superconducting magnet. The 
output of the MHD generator will power the plasma arc illuminator. 

As a p a r t  of the  o v e r a l l  d e v e l o p m e n t  p r o g r a m ,  the  t e s t  p r o g r a m  r e -  
p o r t e d  h e r e i n  was  c o n d u c t e d  to d e t e r m i n e  the  c o m b u s t o r  and MHD c h a n -  
nel  o p e r a t i n g  c h a r a c t e r i s t i c s  u n d e r  n o - p o w e r  c o n d i t i o n s .  Spec i f i c  t e s t  
o b j e c t i v e s  w e r e  to d e t e r m i n e  the c h a n n e l  ax ia l  p r e s s u r e  d i s t r i b u t i o n  and 
the  v a r i a t i o n  in c h a n n e l  t e m p e r a t u r e  with  c o m b u s t o r  b u r n  t i m e  and  to con -  
f i r m  tha t  c h a n n e l  c o n s t r u c t i o n  was  a d e q u a t e  to con t a in  the gas  g e n e r a t e d  
by the  c o m b u s t o r .  The  p r o g r a m  was  c o n d u c t e d  in P r o p u l s i o n  R e s e a r c h  
A r e a  ( R - 2 C - 4 )  of the  R o c k e t  Tes t  F a c i l i t y  (RTF) .  D e s i g n  and f a b r i c a t i o n  
of p r o p e l l a n t ,  i n s t r u m e n t a t i o n ,  and exhaus t  s y s t e m s  w e r e  p r o v i d e d  by 
R T F  p e r s o n n e l .  The  c h a n n e l  and d i f f u s e r  w e r e  p r o v i d e d  by the  C h r y s l e r  
C o r p o r a t i o n ,  and the  c o m b u s t o r  was  p r o v i d e d  by t h e  A i r  F o r c e  R o c k e t  
P r o p u l s i o n  L a b o r a t o r y  ( A F R P L ) .  

Th i s  r e p o r t  p r e s e n t s  the da ta  ob t a ined  f r o m  12 f i r i n g s  t h r o u g h  an 
u n c o o l e d  h e a t - s i n k - t y p e  MHD c h a n n e l .  A d e s c r i p t i o n  of the  c o m b u s t o r ,  
c h a n n e l ,  and a s s o c i a t e d  s y s t e m s  is g iven ,  and the  m e t h o d s  u s e d  to ob ta in  
the  r e q u i r e d  m e a s u r e m e n t s  a r e  p r e s e n t e d .  

SECTION II 
A P P A R A T U S  

2.1 TEST A R T I C L E  

The  t e s t  a r t i c l e  c o n s i s t e d  of a c o m b u s t o r  and a 4 5 - d e g - s l a n t ,  s e g -  
m e n t e d  wal l ,  MHD g e n e r a t o r  c h a n n e l  and d i f f u s e r .  T h e s e  c o m p o n e n t s  
a r e  d e s c r i b e d  in d e t a i l  in the  s e c t i o n s  to fol low.  
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2.1.1 MHD Generator Channel 

The  MHD g e n e r a t o r  c h a n n e l  (Fig .  1, Append ix  I) is a p p r o x i m a t e l y  
30 .3  in. long wi th  an o u t s i d e  d i a m e t e r  of 5 .12  in. at the  inle t ,  d i v e r g -  
ing to 6. 10 in. at  the  exi t .  The i n s ide  d i a m e t e r  is 2 .0  in. at the  in le t  
and d i v e r g e s  to 4 .9  in. at the  exit .  The  3 0 . 3 - i n . - I o n g  a c t i v e  p o r t i o n  
of the  c h a n n e l  is a s s e m b l e d  f r o m  I03 ind iv idua l ly  i n s u l a t e d  wal l  s e g -  
m e n t s .  E a c h  s e g m e n t  is a t t a c h e d  to a d j a c e n t  s e g m e n t s  by e ight  
c e r a m i c - i n s u l a t e d  s t a i n l e s s  s t e e l  s c r e w s .  

T r a n s i t i o n  f r o m  the  eng ine  n o z z l e  exit  to the  c h a n n e l  e n t r a n c e  is 
e f f e c t e d  by an u n s e g m e n t e d  e l e c t r o l y t i c ,  tough  p i t ch  ( E T P )  c o p p e r  
c y l i n d e r  ( f o r w a r d  t r a n s i t i o n  e l e m e n t )  wi th  a c o n s t a n t  2 - in .  i n s ide  
d i a m e t e r  and 5. 12- in .  o u t s i d e  d i a m e t e r .  The  c h a n n e l  s e g m e n t s  (Fig .  2) 
a r e  .0. 1875- in .  - t h i c k  E T P  c o p p e r  s l a b s  e l e c t r i c a l l y  i n s u l a t e d  f r o m  e a c h  
o t h e r  by a p l a s m a - s p r a y e d  a l u m i n u m  oxide  ( A L 2 0  3) coa t i ng  of 0 .006- in .  
t h i c k n e s s  on each  m a t i n g  f ace ,  s e p a r a t e d  by 0. 010- in .  - t h i c k  F i b e r f r a x  
970C ® p a p e r .  A l a y e r  of 0. 020- in .  - t h i c k  F i b e r f r a x  970A p a p e r  p r o -  
v ided  e l e c t r i c a l  i n su l a t i on  b e t w e e n  e l e m e n t  n u m b e r  103 and the  d i f f u s e r  
and b e t w e e n  al l  s e g m e n t s  f r o m  the  aft f a c e  of s e g m e n t  n u m b e r  26 to the  
d i f f u s e r .  The  s e g m e n t s  a r e  i n c l i n e d  f o r w a r d  at 45 deg  to the c h a n n e l  
ax i s  to f o r m  a l a m i n a t e  a r r a y .  

The  c h a n n e l  is i n s t a l l e d  in a s i l i c o n e  r e s i n - b o n d e d  g l a s s  f a b r i c  
suppo r t  tube  (Fig .  1) to p r o t e c t  a g a i n s t  bend ing  s t r e s s e s .  The  tube  is 
49 .50  in. in l eng th  with  a 6 . 3 8 - i n .  i n s ide  d i a m e t e r  and 0 . 1 2 - i n .  wal l  
t h i c k n e s s .  An i n s e r t  of M a r i n i t e  36 ® c o n t o u r e d  to fit  the  bo t t om quad-  
r an t  of the  c h a n n e l  and hav ing  a c o n s t a n t  o u t s i d e  r a d i u s  of 3 .19  in. was  
i n s t a l l e d  b e t w e e n  the  c h a n n e l  and the  suppor t  tube .  P h e n o l i c  f l a n g e s  of 
8 . 6 2 - i n .  o u t s i d e  d i a m e t e r  and 0 . 7 5 - i n .  t h i c k n e s s  w e r e  a t t a c h e d  to the  
ends  of the suppor t  tube  fo r  hand l ing  p u r p o s e s .  

The  d i f f u s e r  is a c o n s t a n t - a r e a ,  u n l a m i n a t e d  E T P  c o p p e r  duct ,  
24 in. in length ,  with an o u t s i d e  d i a m e t e r  of 6. 10 in. and a wal l  t h i c k -  
n e s s  of 0 . 6  in. 

The  c h a n n e l ,  f o r w a r d  t r a n s i t i o n  e l e m e n t ,  d i f f u s e r ,  s u p p o r t  tube,  
and  a s s o c i a t e d  i n s t r u m e n : a t i o n  l in4s  w e r e  d e l i v e r e d  to the  R T F  as  an 
i n t e g r a l  uni t .  

2.1.2 Combustor 

Ion i zed  gas  to the  MHD g e n e r a t o r  c h a n n e l  is p r o v i d e d  by a l iqu id  
oxygen  ( L O 2 ) / J P - 4  A t l a s  v e r n i e r  eng ine  (Fig .  3), m o d i f i e d  to adapt  to 
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the  channe l  f o r w a r d  t r a n s i t i o n  e l e m e n t  f lange .  C o m b u s t o r  o p e r a t i n g  
c o n d i t i o n s  w e r e  n o m i n a l l y :  c h a m b e r  p r e s s u r e ,  250 to 300 p s i a  and 
o x i d i z e r - t o - f u e l  (O /F )  ra t io ,  1 .9 to 2 .8 .  A s e e d i n g  agen t  c o n s i s t i n g  
of a s a t u r a t e d  so lu t ion  of p o t a s s i u m  h y d r o x i d e  (KOH) in MIL-A-6091  
e thyl  a l coho l  ( 2 1 - p e r c e n t  KOH by weight)  is i n j e c t e d  into the  J P - 4  up- 
s t r e a m  of the  c o m b u s t o r  to p r o v i d e  exhaus t  gas  ion iza t ion .  

The c o m b u s t o r  was  c o o l e d  by c i r c u l a t i n g  w a t e r  t h r o u g h  the  m o d i f i e d  
r e g e n e r a t i v e  fuel  coo l ing  p a s s a g e s .  The  coo l ing  w a t e r  f low r a t e  was  
3 .5  lb m / s e c ,  wi th  a t e m l S e r a t u r e  r i s e  d u r i n g  f i r i n g  of a p p r o x i m a t e l y  25°F. 

The  c o n t o u r e d  s u p e r s o n i c  n o z z l e  s e c t i o n  d i v e r g e s  f r o m  a d i a m e t e r  of 
1 .65 in. at the  t h r o a t  to~ ' ) in ,  at the  exit ,  p r o v i d i n g  an a r e a  r a t io  of 1.47 
and a n o m i n a l  exi t  Mact ] n u m b e r  of 1.76.  Nozz l e  exi t  h a l f - a n g l e  was  
0 deg: { 

Z,ot'ZJ 
2.2 INSTALLATION 

The  c o m b u s t o r  and the  c h a n n e l  a s s e m b l y  w e r e  i n s t a l l e d  in P r o p u l -  
s ion  R e s e a r c h  A r e a  (R-2C-4 ) .  A p h o t o g r a p h  and a s c h e m a t i c  of the  
i n s t a l l a t i o n  a r e  shown in F ig .  4. The  c o m b u s t o r  was m o u n t e d  on a sup-  
p o r t  s t and  and c o n n e c t e d  to the  f ac i l i t y  p r o p e l l a n t  and coo lan t  s y s t e m s .  
T h e  f o r w a r d  f l ange  of the  channe l  was a l i gned  with and b o l t e d  to the  c o m -  
b u s t o r  n o z z l e  f lange .  The  channe l  d i f f u s e r  e x t e n d e d  t h rough  a r u b b e r  
s l i p - j o i n t  sea l  at the  f o r w a r d  bu lkhead  of a s p r a y  c h a m b e r ,  c o n t a i n i n g  
one  a i r  s p r a y  r ing  and s ix  w a t e r  s p r a y  r i n g s .  

The  s p r a y  c h a m b e r  (Fig.  5) c o n s i s t e d  of a 3 6 - i n . - d i a m ,  1 0 - f t - l o n g  
cy]~inder m a d e  of 0 . 2 5 - i n .  m i l d  s t ee l ,  c o n t a i n i n g  f ive  coo l ing  w a t e r  s p r a y  
r i ngs .  A s t a i n l e s s  s t e e l  con ica l  s p r a y  c h a m b e r  e x t e n s i o n  50 in. long,  
c o n t a i n i n g  an a i r  s p r a y  r i n g  and a w a t e r  s p r a y  r ing,  e x t e n d e d  f o r w a r d  
f r o m  the  m a i n  body of the  s p r a y  c h a m b e r  to hold  the  d i f f u s e r  r u b b e r  s l ip  
jo in t .  The  a i r  s p r a y  r ing  was l o c a t e d  a r o u n d  and jus t  f o r w a r d  of t he  
d i f f t i se r  exi t  p l ane  and p r o v i d e d  a n o n c o n d u c t i n g  s h r o u d  a r o u n d  the  i o n i z e d  
exhaus t  g a s e s  to p r e v e n t  e l e c t r i c a l  conduc t ion  to the  s p r a y  c h a m b e r  w a l l s  
un t i l  the  exhaus t  g a s e s  w e r e  c o o l e d  be low the  ion iza t ion  t e m p e r a t u r e .  
The  s p r a y  c h a m b e r  was e l e c t r i c a l l y  i s o l a t e d  f r o m  the  g round  t h r o u g h  the  
u se  of i n su l a t ed  suppor t  pads  and w a t e r  l i n e s .  A 12-in.  exhaus t  duct  was  
bo l t ed  to the  d o w n s t r e a m  end of the  s p r a y  c h a m b e r  to d i r e c t  the  c o o l e d  
exhaus t  g a s e s  into the  f ac i l i t y  exhaus t  duc t ing  to be d i s c h a r g e d  into the  
a t m o s p h e r e .  

A s c h e m a t i c  of t h e  p r o p e l l a n t  s y s t e m  is shown in F ig .  6. Eng ine  
igni t ion  was a c c o m p l i s h e d  with a 0 .5 -1b  m m i x t u r e  of TEAB,  which  con-  
s i s t e d  of 1 5 - p e r c e n t  t r t e t h y l a l u m i n u m  (TEA) and 8 5 - p e r c e n t  t r i e t h y l b o r a n e  
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(TEB) pyrophoric fuels. The LO 2 was supplied from two 550-gal tanks 
pressurized with gaseous nitrogen (GN2). An automatic pressure con- 
trol system maintained tank pressure during firing at a value that pro- 
vided the desired flow. 

The JP-4 was supplied to an aircraft-type fuel pump from facility 
storage at a pressure of 60 psia. The desired engine JP-4 flow rate 
was provided by adjustment of a fuel bypass system back to the facility 
fuel storage reservoir. The pressure-fed alcohol-KOH seeding agent 
was injected into the JP-4 line upstream of the engine ln2ector. All 
propellant sys.tems incorporated provisions for purging the lines with 
dry gaseous nitrogen. 

2.3 INSTRUMENTATION 

I n s t r u m e n t a t i o n  w a s  provided to  m e a s u r e  c o m b u s t o r  c h a m b e r  p r e s -  
s u r e ,  i n j e c t o r  p r e s s u r e s ,  p r o p e l l a n t  a n d  s e e d  f l o w  r a t e s ,  p r o p e l l a n t  
t a n k  p r e s s u r e s ,  c o m b u s t i o n  c h a m b e r  c o o l i n g  w a t e r  f l o w  r a t e  a n d  t e m -  
p e r a t u r e  r i s e ,  c h a n n e l  w a l l  s t a t i c  p r e s s u r e s ,  s p r a y  c h a m b e r  p r e s s u r e ,  
a n d  c h a n n e l  w a l l  t e m p e r a t u r e s .  C h a n n e l  p r e s s u r e  a n d  t e m p e r a t u r e  
s e n s i n g  l o c a t i o n s  a r e  s h o w n  in F i g .  7. 

B o n d e d  s t r a i n - g a g e - t y p e  t r a n s d u c e r s  w e r e  u s e d  to  m e a s u r e  p r e s -  
s u r e s .  P r o p e l l a n t ,  s e e d ,  a n d  c o o l i n g  w a t e r  f l o w  r a t e s  w e r e  m e a s u r e d  
w i t h  t u r b i n e - t y p e  f l o w m e t e r s .  I r o n - c o n s t a n t a n  (IC) t h e r m o c o u p l e s  w e r e  
u s e d  to  m e a s u r e  f u e l  a n d  s e e d  t e m p e r a t u r e s .  C o p p e r - c o n s t a n t a n  t h e r m o -  
c o u p l e s  w e r e  u s e d  to  m e a s u r e  l i q u i d - o x y g e n  t e m p e r a t u r e s  a n d  c o o l i n g  
w a t e r '  i n l e t  a n d  d i s c h a r g e  t e m p e r a t u r e s .  C h r o m e l ¢ ' - A l u m e l  ® (CA)  t h e r -  
m o c o u p l e s  w e r e  u s e d  to m e a s u r e  c h a n n e l  w a i l  t e m p e r a t u r e  a t  13 l o c a -  
t i o n s .  

Primary combustor data were obtained from two combustion chamber 
pressure channels, two injector pressure channels, two fuel flow chan- 
nels, two seed flow channels, and two oxygen flow channels. The propel- 
lant and seed flow signals were transmitted through wave shaping con- 
verters to a magnetic tape system where they were stored for reduction 
at a later time by an electronic digital computer. The computer pro- 
vided a tabulation of average absolute values for each 0. 1-sec tm~e 
increment. The pressure and temperature data were recorded on mag- 
netic tape from a multi-input, high-spee(~, analog-to-d~gital converter 
at a scan rate for each channel of 75 times/sec. A photographically re- 
cording, galvanometer-type oscillograph recording at a papcr speed of 
I0 in. /sec provided an independent backup of selected inst,'umentation 
channels. 

4 
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E s t i m a t e d  m e a s u r e m e n t  u n c e r t a i n t i e s ,  r a n g e  of m e a s u r e m e n t s ,  
t y p e s  of m e a s u r i n g  and r e c o r d i n g  d e v i c e s ,  and m e t h o d s  of s y s t e m  c a l i -  
b r a t i o n s  fo r  a l l  m e a s u r e d  p a r a m e t e r s  a r e  p r e s e n t e d  in T a b l e  I (Appen-  

dix II). 

SECTION III 

PROCEDURE ~' 

The a s s e m b l e d  4 5 - d e g - s l a n t  MHD c h a n n e l  was  r e c e i v e d  at AEDC 
on J a n u a r y  8, 1968. The  c h a n n e l  was  i n s t a l l ed ,  and t h e r m a l  t e s t  r u n s  
w e r e  m a d e  fo r  a v a r i e t y  of o p e r a t i n g  c o n d i t i o n s  and s e e d  f low r a t e s .  

The  s e q u e n c e  of e v e n t s  f o r  e a c h  f i r i n g  was  a c c o m p l i s h e d  a u t o m a t i -  
c a l l y  by u s e  of e l e c t r i c  t i m e r s  and r e l a y s .  A t y p i c a l  f i r i n g  s e q u e n c e  

was  as  fo l lows :  

t o - 5 sec  F i r e  but ton m a n u a l l y  a c t u a t e d  

t o - 0 . 3  s ec  LO 2 and J P - 4  p r o p e l l a n t  v a l v e  e l e c t r i c a l  
igni t ion  s e q u e n c i n g  in i t i a t ed  

t o Engine ignition; initiation of chamber pres- 

sure increase 

t o + 1 sec  Seed  p r o p e l l a n t  va lve  e l e c t r i c a l l y  e n e r g i z e d  

t o + 9 s ec 

t o + 10 sec  

Seed p r o p e l l a n t  v a l v e  d e e n e r g i z e d  

LO 2 and J P - 4  p r o p e l l a n t  v a l v e s  d e e n e r g i z e d ;  
n i t r o g e n  p u r g e  t h r o u g h  p r o p e l l a n t  l i n e s  
init  ia ted.  

The  eng ine  p u r g e  g a s e s  w e r e  d i r e c t e d  t h r o u g h  the  c h a n n e l  and dif -  
f u s e r  to a s s i s t  in c o o l i n g  the  channe l  fo r  the  fo l l owing  f i r i ng .  The  p u r g e  
c o n t i n u e d  unt i l  t he  f i r i n g  pane l  was  r e s e t .  

SECTION IV 
RESULTS AND DISCUSSION 

Twelve combustor firings were accomplished to evaluate the aero- 
dynamic and thermal operating characteristics of a segmented-wall, heat 
sink MHD generator channel under no-power conditions. An LO2/JP-4 
combustor was utilized, which operated at nominal chamber pressures from 
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250 to 300 p s i a  a n d  o x i d i z e r - t o - f u e l  r a t i o s  f r o m  1 . 9  to 2 . 8 .  C o m b u s t o r  
b u r n  t i m e  w a s  v a r i e d  f r o m  2 . 6  to  1 0 . 9  s e c .  A s e e d  s o l u t i o n  of  p o t a s -  
s i u m  h y d r o x i d e  (KOH) s a t h r a t e d  in e t h y l  a l c o h o l  w a s  u s e d  to p r o v i d e  a 
h i g h  ion  c o n c e n t r a t i o n  in t h e  c o m b u s t o r  e x h a u s t  g a s e s .  T h e  s e e d  s o l u -  
t i o n  f l o w  r a t e  w a s  v a r i e d  f r o m  0 to  33 p e r c e n t  o f  t h e  J P - 4  f l o w  r a t e .  
A l l  f i r i n g s  w e r e  a c c o m p l i s h e d  w i t h  t h e  c h a n n e l  e x h a u s t i n g  to a t m o s p h e r i c  
p r e s s u r e .  

S p e c i f i c  t e s t  o b j e c t i v e s  w e r e  to  d e t e r m i n e  t h e  c h a n n e l  a x i a l  p r e s -  
s u r e  d i s t r i b u t i o r i  a n d  t h e  v a r i a t i o n  in c h a n n e l  t e m p e r a t u r e  w".th t i m e  a n d  
to c o n f i r m  t h a t  c h a n n e l  c o n s t r u c t i o n  w a s  a d e q u a t e  to  c o n t a , n  t h e  g a s  
g e n e r a t e d  by  t h e  c o m b u s t o r .  

T h e  a v e r a g e  v a l u e s  o f  c o m b u s t o r  c h a m b e r  p r e s s u r e  a n d  p r o p e l l a n t  
a n d  s e e d  f l o w s  a r e  p r e s e n t e d  in T a b l e  II f o r  t h e  t w e l v e  t e s t  f i r i n g s .  
C o m b u s t o r  o p e r a t i n g  c h a r a c t e r i s t i c s  a n d  c h a n n e l  p r e s s u r e  a n d  t e m p e r a -  
t u r e  d i s t r i b u t i o n  a r e  d i s c u s s e d  in t h e  f o l l o w i n g  s e c t i o n s .  

4.1 COMBUSTOR OPERATING CHARACTERISTICS 

T h e  a n a l o g  v a r i a t i o n  in c h a m b e r "  p r e s s u r e ,  p r o p e l l a n t  f l o w  r a t e s ,  
a n d  i n j e c t o r  p r e s s u r e s  d u r i n g  a t y p i c a l  c o m b u s t o r  i g n i t i o n  t r a n s i e n t  a r e  
p r e s e n t e d  in F i g .  8. T h e  t i m e  f r o m  t h e  i n i t i a t i o n  of  T E A B / J P - 4  f l o w  
a n d  o f  L O  2 f l o w  to  t h e  t i m e  o f  i n c r e a s e  in c h a m b e r  p r e s s u r e  (t o ) w a s  
n o m i n a l l y  0 . 1 3  a n d  0 . 0 6  s e c ,  r e s p e c t i v e l y .  T h e  l a g  t i m e  in i n i t i a t i o n  of  
s e e d  f l o w  w a s  i n t e n t i o n a l  to  p r e v e n t  a d m i t t a n c e  o f  s e e d  in to  t h e  M H D  
c h a n n e l  u n t i l  t h e  w a l l s  w e r e  r e l a t i v e l y  w a r m .  

T y p i c a l  v a r i a t i o n s  o f  c h a m b e r  p r e s s u r e  a n d  J P - 4 ,  o x y g e n ,  a n d  s e e d  
f l o w s  d u r i n g  a c o m b u s t o r  f i r i n g  a r e  p r e s e n t e d  in F i g .  9. T h e  m a x i m u m  
d e v i a t i o n  in c h a m b e r  p r e s s u r e  f r o m  t h e  a v e r a g e  d u r i n g  t h e  s t e a d y - s t a t e  
p o r t i o n  of  a c o m b u s t o r  f i r i n g  w a s  2 p e r c e n t .  S e e d  f l o w  w a s  d i s c o n t i n u e d  
a p p r o x i m a t e l y  0 . 5  s e c  p r i o r  to c o m b u s t o r  s h u t d o w n  to e n s u r e  r e m o v a l  o f  
a l l  s e e d  r e s i d u e  f r o m  t h e  c h a n n e l  w a l l s .  T h e  c o m b u s t o r  w a s  o p e r a t e d  a t  
c h a m b e r  p r e s s u r e s  r a n g i n g  f r o m  266 to  300 p s i a ,  at  t o t a l  p r o p e l l a n t  
w e i g h t  f l o w s  r a n g i n g  f r o m  3 . 6 4  to  4 . 0 3  l b m / s e c ,  a n d  at  p r o p e l l a n t  mix-" 
t u r e  r a t i o s  r a n g i n g  f r o m  1 . 9  to  2 . 7 .  C h a r a c t e r i s t i c  v e l o c i t y  (c*)  r a n g e d  
f r o m  4927 to 5185  f t / s e c  f o r  v a r i a t i o n s  in O / F  f r o m  1 . 9  to  2 . 7 .  

4.2 CHANNEL STATIC PRESSURE DISTRIBUTION 

T h e  M H D  c h a n n e l  w a s  i n s t r u m e n t e d  f o r  m e a s u r e m e n t  o f  p r e s s u r e  
at  12 a x i a l  p o s i t i o n s  ( F i g .  7). A t y p i c a l  c h a n n e l  p r e s s u r e  m e a s u r i n g  
s y s t e m  c o n s i s t e d  o f  a 0. 0 6 3 - i n . - d i a m  p r e s s u r e  t a p  l o c a t e d  on  t h e  c h a n n e l  
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h o r i z o n t a l  c e n t e r l i n e  and c o n n e c t e d  t h rough  a p p r o x i m a t e l y  15 ft of 
0 . 2 5 - i n .  - d i a m  tubing  to a s t r a i n - g a g e - t y p e  t r a n s d u c e r .  The  m e a s u r i n g  
s y s t e m  was r e l a t i v e l y  i n s e n s i t i v e  to r ap id  t r a n s i e n t  p r e s s u r e  v a r i a t i o n s  
b e c a u s e  of the  l eng th  of l i ne  b e t w e e n  the p r e s s u r e  tap and t r a n s d u c e r .  
A typ ica l  v a r i a t i o n  in c o m b u s t o r  c h a m b e r  p r e s s u r e  and m e a s u r e d  chan -  
ne l  p r e s s u r e  at four  ax ia l  p o s i t i o n s  d u r i n g  a c o m b u s t o r  f i r i n g  is p r e -  
s e n t e d  in F ig .  10. The  t i m e s  r e q u i r e d  fo r  the  c h a m b e r  p r e s s u r e  
t r a n s i e n t  d u r i n g  c o m b u s t o r  igni t ion  and shutdown w e r e  a p p r o x i m a t e l y  
0 .4  and 0 .5  sec ,  r e s p e c t i v e l y .  The t r a n s i e n t  t i m e  fo r  m e a s u r e d  chan-  
ne l  p r e s s u r e  to r e a c h  s t e a d y - s t a t e  cond i t i ons  was t yp i ca l l y  3 .5  s ec  d u r i n g  
igni t ion and 3 .0  sec  du r ing  burnout .  

The  m e a s u r e d  channe l  ax ia l  p r e s s u r e  d i s t r i b u t i o n  is p r e s e n t e d  in 
F ig .  11. Also  shown is the  t h e o r e t i c a l  d i s t r i b u t i o n  b a s e d  on the  r a t io  
of c h a n n e l - t o - c o m b u s t o r  t h r o a t  a r e a  and o n e - d i m e n s i o n a l ,  i s e n t r o p i c ,  
c o m p r e s s i b l e  flow r e l a t i o n s h i p s .  The  m e a s u r e d  v a l u e s  of c h a n n e l - t o -  
c h a m b e r  p r e s s u r e  r e p r e s e n t  the a v e r a g e  f r o m  al l  f i r i n g s ,  t a k e n  when  
m e a s u r e d  channe l  p r e s s u r e  had r e a c h e d  a s t e a d y - s t a t e  l eve l .  V a r i a t i o n s  
in c h a m b e r  p r e s s u r e ,  p r o p e l l a n t  m i x t u r e  ra t io ,  and s e e d  f low had no 
a p p a r e n t  e f fec t  on the  r a t lo  of c h a n n e l - t o - c h a m b e r  p r e s s u r e .  Excep t  fo r  
t he  p r e s s u r e  m e a s u r e d  3 .7  in. f r o m  the  channe l  inlet ,  the  channe l  p r e s -  
s u r e  d i s t r i b u t i o n  t r e n d  was  v e r y  s i m i l a r  to that  p r e d i c t e d  f r o m  s i m p l i f i e d  
t h e o r e t i c a l  c o n s i d e r a t i o n s .  

4.3 CHANNEL TEMPERATURE VARIATSON 

The  MHD channe l  c o n t a i n e d  13 CA t h e r m o c o u p l e s  i n s t a l l e d  in 
0. 063- in .  - d i a m  p o r t s  d r i l l e d  on the  channe l  h o r i z o n t a l  c e n t e r l i n e .  The  
t h e r m o c o u p l e  p o r t s  w e r e  d r i l l e d  to wi th in  0. 125 in. of the  i n t e r n a l  f low 
p a s s a g e .  The  c h a n n e l  t e m p e r a t u r e  r i s e s  du r ing  each  of the  12 c o m -  
b u s t o r  f i r i n g s  a r e  t a b u l a t e d  at l - s e c  i n t e r v a l s  in Tab le  Ill. 

The effect of seed flow rate on the temperature-time variation of up- 
stream channel segment No. l is shown in Fig. 12. At seed flow rates 
of 0, 0 .14,  and 0 .27  I b m / s e c ,  a t e m p e r a t u r e  r i s e  of 505, 605, and 
860°F, r e s p e c t i v e l y ,  was  o b s e r v e d  a p p r o x i m a t e l y  I0 sec  a f t e r  c o m b u s t o r  
igni t ion.  Seed  f low had the  ef fec t  of s i g n i f i c a n t l y  i n c r e a s i n g  the  r a t e  at 
which  channe l  t e m p e r a t u r e  i n c r e a s e d .  

The  c h a n n e l  t e m p e r a t u r e  r i s e  at 6 "and I0 s ec  a f t e r  ign i t ion  as  a 
func t ion  of axia l  p o s i t i o n  is p r e s e n t e d  in F ig .  13 fo r  f i r i n g s  a c c o m p l i s h e d  
with 0 and 0 .27  l b m / s e c  of s e e d  flow. Channe l  t e m p e r a t u r e  g e n e r a l l y  
d e c r e a s e d  with axia l  length;  h o w e v e r ,  the  t e m p e r a t u r e s  du r ing  the  f i r i n g s  
wi th  s e e d  f low w e r e  a lways  h i g h e r  than d u r i n g  f i r i n g s  wi th  no s e e d  flow. 

7 
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4.4 CHANNEL STRUCTURAL DURABILITY 

A total of 12 firings having burn times ranging from 2.6 to I0.9 sec 
were accomplished through the channel with no maintenance required 
between firings. Total burn duration was 97.4 sec. With the exception 
of firing Iko. 14.3, no evidence of gas leakage between channel seg- 
ments during a firing was observed. During firing 14. 3, flame was 
momentarily observed emanating from both ends of the channel support 
tube (Fig. 4a) during the combustor shutdown. However, no evidence 
of channel or support tube deterioration or charring was observed during 
postfire inspection. 

SECTION V 
SUMMARY OF RESULTS 

Twelve combustor firings were accomplished to evaluate the aero- 
dynamic and thermal operating characteristics of a 45- deg- slant, 
segmented-wall, heat sink magnetohydrodynamic generator' channel under 
no-power conditions. The test results are summarized as follows: 

. 

. 

The combustor and channel performed satisfactorily at com- 
bustor chamber pressures ranging from 266 to 300 psia, at 
propellant mixture ratios ranging from 1.9 to 2.7, and for' 
burn durations ranging from 2.6 to 10.9 sec. 

The ratio of measured channel-to-chamber pressure was not 
dependent on chamber pressure, propellant mixture ratio, or 
seed f~ow rate. The channel axial pressure distribution can be 
approximated by one-dimensional, isentropic, compressible 
flow relationships. 

. An u p s t r e a m  c h a n n e l  s e g m e n t  t e m p e r a t u r e  r i s e  of 505, 605, 
and 860°F was  o b s e r v e d  a p p r o x i m a t e l y  10 sec  a f t e r  c o m b u s t o r  
igni t ion  fo r  f i r i n g s  a c c o m p l i s h e d  with 0, 0. 14, and 0 .27  i b m /  
sec  of s e e d  flow, r e s p e c t i v e l y .  Seed  flow had the ef fec t  of 
s i g n i f i c a n t l y  i n c r e a s i n g  the  r a t e  at wh ich  c h a n n e l  t e m p e r a t u r e  
i n c r e a s e d .  

. 

. 

Channel temperature generally decreased with channel length; 
however, the temperature during firings with seed flow was 
always higher than during firings with no seed flow. 

Total burn duration accumulated during the 12 combustor fir- 
ings was 97.4 sec. No evidence of gas leakage from between 
channel segments was observed during any firing except the 
last. During the final firing, flame was momentarily observed 
emanating from both ends of tile channel support tube du~'ing 
combustor shutdown. 
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V o l t a g e  
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Fig. 2 Schematic of Channel Segment Showing Details of Instrumentation 
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a. Photograph 
Fig. 4 Installation of MHD Generator Assembly in Propulsion Research Area (R-2C-4) 
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13.2 
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19.6 

23.2 

26.7  

30.2 

33.7 

39.2 

52.6 

Parameter  
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T - Temperature  

PI05 ' TI05 

Pl ' T1 

P l l  ' TII 

P23 ' T23 

P33 ' T33 

P45 ' T45 
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Fig. 7 location of Channel Pressure and Temperature Measuring Ports 
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TABLE III 
CHANNEL TEMPERATURE DATA SUMMARY 

P a r a m e t e r ,  F i r i n g  [ n i t ~ l  
N u m b e r  T e m p e r a t u r e .  T i, 

(*F) a t  T~ 'ne  t o to  + I s e c  t o + 2 s e c  t c 

T - 1 0 5  5 . 1  33 34 116 179 - - -  
6 . 3  53 46 135 197 236 
7 . 1  49 38 13S 185 244 
7 .2  49 47 125 182 236 
8. 1 56 46 126 176 228  

1 3 . 1  30 108 22"/ 264 311 
1 3 . 2  71 97 190 252 324 
1 3 . 3  91 101 191 274 329 
13. § 38 g7 174 222 259 
14. I 3 6  143 209 250 295 
14.2 66 133" 218 304 350 
14. 3 62 115 208 271 331 

T - I  5 .1  53 35 116 184 - - -  
8 . 3  56 37 118 166 207 
7 . 1  . . . . . . . . . . . . . . .  
7 . 2  . . . . . . . . . . . . . . .  
8.1  59 39 122 168 206 

13. I 49 57 140 220 358 
13.2 75 54 155 252 368 
13 .3  101 47 151 255 370 
13, 5 6 0  51 160 229  298 
1 4 . 1  54 61 171 236 295 
14.2 37 74 169 243 323 
14. 3 80 100 200 305 417 

T - I 1  5. l 62 54 132 179 - - -  
6. 3 65 49 134 174 202 
7 .1  60 57 139 175 205 
7 .2  103 55 129 168 192 
8.1 . . . . . . . . . . . . . . .  

13.1 . . . . . . . . . . . . . . .  
13.3 . . . . . . . . . . . . . . .  
13.3 . . . . . . . . . . . . . . .  
13.5 . . . . . . . . . . . . . . .  
1 4 . 1  . . . . . . . . . . . . . . .  
1 4 . 2  . . . . . . . . . . . . . . .  
1 4 . 3  . . . . . . . . . . . . . . .  

T - 2 3  5 .1  63 45 107 138 - - -  
5 . 3  66 32 114 141 162 
7 . 1  63 57 118 146 15,8. 
7 . 3  I I I  51 l l l  140 152 
8. 1 71 58 119 147 168 

1 3 . 1  46  93 189 259 306 
13.2 102 76 157 242  305 
13.3 13g 55 143 211 279 
13.3 85 53 141 167 185 
14. 1 50  75 t 6 0  190 209 
14. 2 172 73 152 195 245 
14. 3 194 95 166 229  297 

T - 3 3  5. l 51 34 84 109 - - -  
5 , 3  . . . . . . . . . . . . . . .  
7 . 1  62 49 105 130 153 
7 . 2  113 50 100 124 148 
8 .1  70 48 102 126 151 

13. I 46 45 106 151 215 
1 3 . 2  108 42 106 163 222 
13 .3  162 32 89 143 199 
13 .5  83 28 83 111 136 
1 4 , 1  50 49 l l I 139 162 
1 4 . 2  175 49 107 152 209 
14.  3 196 61 119 175 232 

T - 4 5  5 . 1  81 25 70 95 - - -  
6 . 3  55 28 72 98 124 
7 . 1  60 30 80 108 136 
7 . 2  110 33 53 112 139 
8.1 69 34 89 117 144 

13. 1 46 14 50 94  149 
13.2  103 6 25 50 87 
13.3 156 4 20 42 75 
13.3 81 3 1~ 33 53 
14. I 50 8 33 58 88 
1 4 . 2  172 14 51 86 133 
14. 3 186 17 48 89 145 

T - 5 5  5 .1  59 27 83 119 - - *  
6 . 3  53 37 98 131 185 
7 . 1  59 43 101 135 170 
7, 2 107 40  98 133 167 
8.1  87 44  106 140 173 

13.  1 46 17 52 95 149 

* T h e r m o c o u p l e  l o c a t i o n s  s h o w n  in  F i g .  7.  

T e m p e r a t u r e  R i s e  f r o m  T i .  * F  

+ 3 sec t o + 4 sec t o + 5 sec t o + 6 sec t o + ? sec t o + 2 se( t o + 9 e e c  t o +  1 0 s e e  t o + l l s e ~  

297 334 . . . . . . . . . . . . . . .  
284 321 . . . . . . . . . . . . . . .  
276 312 343 377 
269  309 340  373  403 437 469  
347 396 . . . . . . . . . . . . . . .  
362  409  . . . . . . . . . . . . . . .  
373 419 464 5 0 5  547  5 8 8  
258  321 347 3?4  402  4 3 0  4 5 6  
328 366 401 441 469  494 S l ?  
375 402 426 451 472 4 9 4  520 
375 421 458 495 527 565 603 

240 274 . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . .  

235 266 292 322 349 385 432 
380 453 . . . . . . . . . . . . . . .  
438 539 . . . . . . . . . . . . . . .  
460 549  6 2 4  699 762 827 
350 400 436 471 495 5~3 547 
344 389 421 451 474  501 5 3 2  
384 441 484  324 556  5 8 8  6 1 5  
506 553  855 735 796  3 6 4  913  

223 245 . . . . . . . . . . . . . . .  
233 283 . . . . . . . . . . . . . . .  
217 252 284 314 . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . .  

179 202 . . . . . . . . . . . . . . .  
189 2 2 3  . . . . . . . . . . . . . . .  

180 207 245  273 
186 214  244  277  302 339 361 
340 383 . . . . . . . . . . . . . . .  
352 402 . . . . . . . . . . . . . . .  
333 387 4 3 5  486 329 576 
202 223 244 264 282 303 321 
2 3 0  258  2 ? 9  303 320  340  361 
290 336 375 4 1 8  456 498 535 
350 406 455 505 549 600 637 

. . . . . . . . . . . . . . . . . . . . .  

189 220 . . . . . .  . . . . . . . . .  
171 209 245 276  
175 204 234  270  302 340 368  
259 304 . . . . . . . . . . . . . . .  
269 320  . . . . . . . . . . . . . . .  
248 303 352 406 452 503 
157 190 227 255 283 314  338 
188 220 247 276 398 330  362 
260 311 353 396 4 3 4  474  508  
281 337 386 438 484  536 572 

. . . . . . . . . . . . . . . . . . . . .  

149 180 . . . . . . . . . . . . . . .  
173 211 . . . . . . . . . . . . . . .  
182 193 222 2 4 9  . . . . . . . . . .  
188 206  238 2 ? 3  297  3 2 4  346 
200  250 . . . . . . . . . . . . . . .  
126 175 . . . . . . . . . . . . . . .  
I 1 2  159 204  256  303 354 

73 96 120 148 172 201 228 
116 149 178 213 242 gg0 310 
181 233 g79 325 363 401 433 
199 259 312  365  411  465  499 

191 231 . . . . . . . . . . . . . . .  
216 264  . . . . . . . . . . . . . . .  
195 224  261 397  
199 249  289 321 344  369 389 
199 356 . . . . . . . . . . . . . . .  
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T A B L E  III (Continued) 

I n i t i a l  

. . . . .  ] i ~ e r -  N u m b e r  ,emperature,(.F) at T i m e  t o' i. t o + 1 
s e ¢ t  o + 2 e e c  

T -  1 3 . 2  I 9 7  2 0  51 1 0 8  
1 3 . 3  I 1 4 6  i 18  57  1 0 2  
1 3 . 5  r 7 6  17 56 89 

83 

T - 5 7  

T - 7 5  

T - g I  

T - 1 0 3  

1 4 . 1  
1 4 . 2  
1 4 . 3  

5 .1  
6 . 3  
7 . 1  
7 . 2  
8.1 

1 3 . 1  
1 3 . 2  
13.3  
13 .5  
14.1 
1 4 . 2  
1 4 . 3  

5 . 1  
6 . 3  
7 . 1  
7 . 2  i 

8 . 1  i 
13.1 : 
I 3 . 2  ! 

13.3 i 
13.5 
14.1 
1 4 , 3  

[ 14.3 

5.1 
6.3 
7.1 i 
7.2 i 
8.1 

13.1 
13.2 
1 3 . 3  
1 3 . 5  
14.1 

• 14.3 
14,3 

5.1 I 
: 6 . 3  I 

7 , 1  
7 , 2  

j 8 . 1  
13.1 ' 
13.2 i 
13.3 I 
13.5 I 
14.1 ; 
14.2 
1 4 . 3  

• IO4B 5 . 1  : 
6.3 
7.1 
7.2 
8.1 

13.1 
13.3 
13.3 
1 3 . 5  
14.1 1 
14.2 
14.3 

" 1 0 4 C  5,  i 
6 . 3  ', 
7 . 1  
7 , 9  
8 . 1  

1 3 . 1  
1 3 . 2  
1 3 . 3  
13,5 
14.1 
1 4 . 2  
14. 3 

50 
166 
174 

59 
62 
58 

104 
66 
46 
91 

138 
72 
50 

163 
164 

60 
62 
88 

105 
66 
46 
91 

138 
74 
50 

I63  
170 

6 !  
63 
89 

106 
67 
46 
91 

137 
74 
50 

186 
] 76  

62 
65 
60 

114 
68 
47 

102 
143 

68 
32 

173 
187 

68 
64 

134 
71 
4 8  5 2 0  

105 8 26 
181 5 ! 26 
67 1 8  4 3  
8 4  4 17 

181 3 15 
197 7 21 

6 7  18  51 
69 21 61 
68 18 58 

1 2 5  18 ; 5 0  
7 2  21 66 
49 8 2 8  

1 0 6  9 3 3  
1 5 1  6 ; 25 

8 7  24 I 7 6  
35 5 18 

180 4 16 
1 9 7  7 20 

20 98 
24 66 106 
30 75 118 

22 62 93 
24 68 103 
19 59 99 
21 57 93 
17  37 8 2  
17 48 86 
11 4 2  7 9  
12 43 7 9  
16 53 87 
3 7  85 1 1 7  

i 

2 0  i 37 93 
22 57 98 

17 54 86 
20 58 92 
Z8  6 2  9 7  
17 59 94 
22 I 62 98 
12 34 63 
15 46 74 
15 4 3  7 6  
16  4 6  7 4  
33 69 9 2  
23 53 85 
24 52 85 

13 44 7 0  
16 47 7 5  
19 50 7 8  
18 i 49 76 
18 5 0  77 

7 20 38 
6 2 3  4 4  
8 2 7  47 

10 3 4  59 
21  52 7 8  
14 ! 41 7 0  
19 47 84 

18 53 85 
23 64 97 
28 71 1 0 3  
2 4  6 4  96 
24 66 9 7  

9 3 2  6 4  
5 2 7  61 
4 23 54 
5 25 53 

tO  3 7  69 
1 0  38 7 3  
15 4 6  8 8  

12 4 4  7 3  
12 4 6  7 7  
1 4  ! 4 8  7 8  
14 49 7 9  

41 
52 
58 
72 
33 
31 
41 

78 
93 
93 
94 

192 
53 
59 
47 

115 
34 
31 
37 

* T h e r m o c o u p l e  l o c a t i o n s  s h o w n  Ln F i g ,  7, 

t o + 3 s e c  t o + 4 se¢ 

167 
IT0 
124 
133 
189 
116 

136 
137 
132 
130 
135 
128 
127 
123 
148 
141 
153 

128 
134 
130 
135 
1O0 
118 
113 
106 
119 
125 
127 

106 
109 
107 
108 

67 
77 
79 
90 

107 
109 
131 

130 
135 
129 
131 
112 
113 
104 

92 
112 
125 
143 

152 
108 
108 
108 

73 
89 
96 

103 
55 
55 
70 

124 
128 
! 27 
I36  

83 
98 
78 

148 
56 
51 
62 

T e m p e r a t u r e  R i s e  f r o m  T b " F  

t o + 5 s e c t  o + 6 s e c t  o + 7 s e ~  

321 281 - - -  
2 1 4  2 7 2  326 
154 185 910 
1 6 4  1 5 7  225 
258 365 316 
2 3 2  2 9 7  3 5 3  

162 188 - - -  
1 7 3  2 1 7  
163 156 2 2 4  
157 196 
180 228 
1 7 7  2 3 4  
176 231 
154 183 
1 7 5  2 0 3  
183 231 
203 2 5 9  

156 185 
1 6 8  211 
161 192 
1 6 4  198 
138 1 8 4  
157 202 
153 198 
135 ]68  
145 1 7 5  
166 215 
1 6 9  2 1 7  

1 3 2  1 5 7  
1 3 8  1 7 0  
1 3 4  161  
1 3 4  1 6 3  
l O 0  1 4 2  
114 160 
114 158 
120 153 
133 155 
145 154 
1 7 4  3 2 3  

156 182 
166 203 
157 186 
159 192 
157 205 
167 229 
158 215 
131 173 
150 1 8 8  
176 235 
194 249 

1 3 0  1 6 2  
1 3 4  1 5 7  
1 3 8  1 5 7  
1 3 2  1 5 5  
106 1 4 6  
127 171  
1 3 4  1 7 8  
1 2 9  153" 

77  103 
81 115 

101 1 3 9  

1 5 9  1 8 4  
1 8 6  1 7 7  
1 5 5  185 
162 183 
115 153 
1 2 9  1 7 0  
1 1 0  1 4 8  
162 131 

7 8  1 0 4  
70 92 
88 ] 2 ]  

2 3 1  

282 
2C5 
225 
2 7 4  

308 i 361 

225 
229 

244 
197 
201 
260 
283 

184 
151 

200 
182 
181 
233 
268 

210 
222 

272 
213 
220 
286 
296 

177 
173 

2 1 8  2 8 2  
1 7 8  2 0 2  
1 2 5  1 5 0  
149 188 
175 216 

- - -  I ' ' "  

220 
197 

184 
149 
125 I 1 4 8  
106 118 
152 ! 189 

f 

t o + 8 s e ¢  t o + 9 s e c  t o + 1 0  ~ e c  I o ÷ 11 8 e c  

385 436 489 - - -  
237 261 292 318 
263 292 323 351 
368 4 1 2  4B5  458 
418 466 519 339 

" ' "  i . . . . . . . . .  
251 - - -  
264 2 9 1  

338 i 385 433 - - -  
232 259 289 317 
253 280 311 337 
319 359 401 436 

408 459 499 

255 - - -  
2 6 1  2 8 6  312 3 3 5  
- - -  ! . . . . . . . . .  
___ = . . . . . . . . .  

2 8 8  ! 331 380 - - -  
228 256 286 313 
230 256 284 312 
311 355 
3 1 4  358 

" ' "  i . . . . . . . . .  
- - -  I . . . . . . . . .  
208 . . . . . . . . .  
2 2 0  i 2 4 8  2 7 3  2 9 8  

248 i 290 3 3 1  
214 2 4 3  280 
253 233 247 
278 318 365 
315 ! 355 403 4 4 0  

238 - - -  
253 281 312 339 

- - -  i . . . . . . . . .  3 2 3  3 8 4  
2 5 4  2 9 0  
256 288 
338 383 478 
344 386 

- - -  4 . . . . . . . . .  

1 9 9  i . . . . . . . . .  
193 i 211 2 3 4  I 254 

301 
2 2 5  2 5 9  2 9 2  
1 7 3  
2 3 6  

' 254 

250 I . . . . . .  
209 23C 257 281 

2 2 4  261 300 - - -  
161 18"1 201 2 2 4  

1 5 6  163 169 
127 133 137 
224 

321 347 

405 433 
408 445 

312 
271 
488 

410 --- 
335 377 
321 350 
434 
4 3 2  4 7 0  

348 --- 

203 233 
268 307 
298 332 

259 ] 288 
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